In this paper, we explore the effect of a long solidification time (12 h) on the mechanical properties of an EN-GJS-400-type ferritic ductile cast iron (DCI). For this purpose, static tensile, rotating bending fatigue, fatigue crack growth and fracture toughness tests are carried out on specimens extracted from the same casting. The obtained results are compared with those of similar materials published in the technical literature. Moreover, the discussion is complemented with metallurgical and fractographic analyses. It has been found that the long solidification time, representative of conditions arising in heavy-section castings, leads to an overgrowth of the graphite nodules and a partial degeneration into chunky graphite. With respect to minimum values prescribed for thick-walled (t > 60 mm) EN-GJS-400-15, the reduction in tensile strength and total elongation is equal to 20% and 75%, respectively. The rotating bending fatigue limit is reduced by 30% with respect to the standard EN-1563, reporting the results of fatigue tests employing laboratory samples extracted from thin-walled castings. Conversely, the resistance to fatigue crack growth is even superior and the fracture toughness comparable to that of conventional DCI.
Introduction
Low production cost and excellent castability make ductile cast iron (DCI) the preferred material choice when low-to-moderately stressed mechanical components of complicated shape and large dimensions must be manufactured. It is used in many applications where strength and toughness are required, such as automotive parts, windmill parts, pipes, etc. The microstructural control of DCI is of paramount importance as it greatly influences a wide range of mechanical properties. The typical microstructure consists of graphite nodules dispersed in a matrix that can be ferritic, ferritic and/or pearlitic depending on the alloy formulation, the casting control and the final heat treatment [1, 2] . The ferritic matrix displays usually the lower tensile and fatigue strength but also a noticeable ductility, which have promoted the DCI in the production of thick walled parts undergoing in service low/medium levels of mechanical stresses.
Casting large volume parts of weight on the order of tens of tons is particularly critical as the control of the final microstructure is rather difficult [3] [4] [5] . Consequently, solidification defects cannot be completely avoided, their presence must be somehow tolerated and different strategies are pursued to limit their detrimental effects. Typical design approaches are either to force the localization of the heterogeneous microstructure in regions undergoing very low "in service" stress levels or in regions that are removed during finishing operations. The choice is strongly connected to the knowledge of the detrimental effects of the microstructural defects on the mechanical behavior, specifically ductility and with a reduction of fatigue limit of only 14%, whose main cause has been attributed to the presence of microporosities. Indeed, different works [43] [44] [45] showed that the fatigue limit is much more sensitive to surface defects than internal defects, where it is observed that micro-shrinkage cavities strongly influence the fatigue behavior of DCI castings. Foglio et al. [42] conducted fatigue tests on two different EN-GJS-400 DCI, in one of which the chunky graphite formation was induced by adding Ce-containing inoculants. Using a statistic analysis and applying the Murakami equation [39, 46] to correct for the contribution of microporosity on the fatigue strength reduction, they estimated a decrease in the fatigue limit due to chunky graphite of 12%, which reflects a comparable drop in tensile strength equal to 14%.
From the above discussion, it is clear that the effect of chunky graphite on static and cyclic properties has been largely investigated in the literature. However, the design of high-added value components of large dimensions, such as those employed in MW-series wind turbines [47] , cannot rely on the knowledge of these mechanical properties only. In fact, infinite life design approaches usually take large safety margins thus resulting in very heavy constructions, while safe life approaches suffer from large uncertainty on the actual lifetime of the component prior to its withdrawal from service. Damage tolerant design and structural health monitoring approaches have been then proposed to overcome these limitations. They were originally developed in the aeronautic context and have now been extended to the wind energy branch, especially in offshore and hardly-accessible installations [48, 49] . According to these approaches, the fatigue life is exclusively thought of as the propagation of cracks up to a critical size leading to structural collapse or functionality loss. Therefore, they require a detailed characterization of the fracture toughness and the fatigue crack growth resistance of the castings in order to assess the critical crack size and the time to propagation to this critical value. In the present paper, we address this latter issue by investigating the crack growth resistance of a DCI produced under very slow cooling conditions, thus representative of the microstructural conditions arising in thick walled castings. For this purpose, static tensile, fatigue and fracture mechanics tests are performed to quantify the resistance to fatigue crack initiation and propagation as well as the fracture toughness. The paper is organized as follows. Section 2 describes the casting procedure followed to obtain a microstructure with degenerated chunky graphite and the experimental methods adopted for determining the mechanical properties. Section 3 illustrates the experimental results and discusses them on the basis of comparisons with literature data. The conclusions close the paper.
Material and Experimental Procedures
The experimentation is performed on an EN-GJS-400-type ferritic DCI, whose chemical composition is listed in Table 1 . Small-scale castings are obtained from an innovative production line described in [50] and designed to reproduce the solidification conditions of heavy-section castings (with masses of tens of tons). It consists of an electric furnace where the solidification of a cylinder with 240 mm diameter and 260 mm height (about 80 kg mass) takes place under controlled conditions. The mold is made up of a special alumina-based refractory crucible, suitably designed to contain the liquid cast iron and to be handled with cast iron inside. The crucible is preheated at 1200 • C in the electric furnace, and then it is removed from the furnace and filled with the cast iron at 1350-1370 • C. The crucible is covered with a kerphalite lid and placed back into the furnace, setting the power control of the furnace to the desired solidification time. The furnace is maintained under inert Ar atmosphere to avoid melt exposure to oxygen. The cooling phase is monitored using a thermocouple inserted into the casting through the lid, and the cooling curve, shown in Figure 1 , is recorded by means of a data logger with 30 s sampling time. It can be noted that the solidification time is about 12 h and that the eutectic phase transformation takes approximately 10 h. A specific testing campaign conducted in [50] on coupons extracted from both heavy-section and small-scale castings demonstrated the capability of the present experimental method to produce very similar microstructural conditions. The microstructure is characterized by conventional metallographic analyses. Samples are mounted and ground from 220 to 4000 mesh SiC abrasive papers. The final polishing is done using a 3-micron diamond paste followed by a 0.04-micron alumina suspension. Nital etching is used to reveal the microstructure. Quantitative analysis is conducted using image analysis software ImageJ ® .
Monotonic tensile tests are performed according to the standard UNI EN ISO 6892-1 on dog-bone coupons (14 mm gauge diameter, 84 mm parallel length), shown in Figure 2a , using a servo-hydraulic universal testing machine, equipped with hydraulic grips, a load cell of 200 kN. The yield strength is determined as the 0.2% offset yield stress. The microstructure is characterized by conventional metallographic analyses. Samples are mounted and ground from 220 to 4000 mesh SiC abrasive papers. The final polishing is done using a 3-micron diamond paste followed by a 0.04-micron alumina suspension. Nital etching is used to reveal the microstructure. Quantitative analysis is conducted using image analysis software ImageJ ® .
Monotonic tensile tests are performed according to the standard UNI EN ISO 6892-1 on dog-bone coupons (14 mm gauge diameter, 84 mm parallel length), shown in Figure 2a , using a servo-hydraulic universal testing machine, equipped with hydraulic grips, a load cell of 200 kN. The yield strength is determined as the 0.2% offset yield stress. Brinell hardness is measured by using a B3000 J hardness tester (Mechatronic Control System, Ichalkaranji, India) equipped with a 10 mm diameter sphere and applying a load of 29.4 kN. For each sample, at least three measurements are performed and the average value is calculated.
Fatigue tests are performed on hourglass specimens depicted in Figure 2b according to the standard ASTM E466. Rotating bending fatigue tests (load ratio R = −1) are carried out under load-control at a nominal frequency of 100 Hz in laboratory environment (25 °C, 60% R.H.). The fatigue strength corresponding to a fatigue life of 5 × 10 6 cycles is obtained by a staircase procedure, employing 15 samples and 10 MPa stress increments. Fatigue fracture surfaces have been investigated using a JEOL (Japan Electron Optics Laboratory Company, Ltd., Akashima, Japan) JSM-IT300LV scanning electron microscope (SEM) (Japan Electron Optics Laboratory Company, Ltd., Akashima, Japan) equipped with an EDXS probe for quantitative chemical analysis.
The fracture mechanics tests are carried out on compact C(T) specimens whose geometry, compliant with the standard ASTM E1820-09, is illustrated in Figure 2c . Specifically, KIc fracture toughness and fatigue crack growth rate tests are performed on 32 and 10 mm thick specimens, respectively. The initial notch of all C(T) specimens is Electro Discharge Machined (EDM) with a wire of 0.5 mm diameter to facilitate the follow-up pre-cracking process.
The fatigue crack growth rate testing is performed according to the standard ASTM E647-08. The experiments are conducted in the laboratory environment on a resonant testing machine Rumul (Russenberger Prüfmaschinen, AG, Neuhausen am Rheinfall, Switzerland) Testronic 50 kN. A sinusoidal pulsating load waveform is applied at a frequency of ~100 Hz. Tests are performed at three load ratios R, namely 0.1, 0.5 and 0.75. A Fractomat ® (Augustine, FL, USA) apparatus based on the indirect potential drop method is used to continuously measure the crack length. For this purpose, a crack length foil (Krak gage ® (Augustine, FL, USA)), consisting of a conducting layer on an electrically insulating backing, is bonded on one side of the C(T) sample and then connected to a signal conditioning module, whose output can be used to feed-back control the testing machine. Periodically, the crack length on the back face of the sample is inspected using a travelling microscope to make sure that the two crack lengths do not differ by more than 0.25 times the sample Brinell hardness is measured by using a B3000 J hardness tester (Mechatronic Control System, Ichalkaranji, India) equipped with a 10 mm diameter sphere and applying a load of 29.4 kN. For each sample, at least three measurements are performed and the average value is calculated.
Fatigue tests are performed on hourglass specimens depicted in Figure 2b according to the standard ASTM E466. Rotating bending fatigue tests (load ratio R = −1) are carried out under load-control at a nominal frequency of 100 Hz in laboratory environment (25 • C, 60% R.H.). The fatigue strength corresponding to a fatigue life of 5 × 10 6 cycles is obtained by a staircase procedure, employing 15 samples and 10 MPa stress increments. Fatigue fracture surfaces have been investigated using a JEOL (Japan Electron Optics Laboratory Company, Ltd., Akashima, Japan) JSM-IT300LV scanning electron microscope (SEM) (Japan Electron Optics Laboratory Company, Ltd., Akashima, Japan) equipped with an EDXS probe for quantitative chemical analysis.
The fracture mechanics tests are carried out on compact C(T) specimens whose geometry, compliant with the standard ASTM E1820-09, is illustrated in Figure 2c . Specifically, K Ic fracture toughness and fatigue crack growth rate tests are performed on 32 and 10 mm thick specimens, respectively. The initial notch of all C(T) specimens is Electro Discharge Machined (EDM) with a wire of 0.5 mm diameter to facilitate the follow-up pre-cracking process.
The fatigue crack growth rate testing is performed according to the standard ASTM E647-08. The experiments are conducted in the laboratory environment on a resonant testing machine Rumul (Russenberger Prüfmaschinen, AG, Neuhausen am Rheinfall, Switzerland) Testronic 50 kN. A sinusoidal pulsating load waveform is applied at a frequency of~100 Hz. Tests are performed at three load ratios R, namely 0.1, 0.5 and 0.75. A Fractomat ® (Augustine, FL, USA) apparatus based on the indirect potential drop method is used to continuously measure the crack length. For this purpose, a crack length foil (Krak gage ® (Augustine, FL, USA)), consisting of a conducting layer on an electrically insulating backing, is bonded on one side of the C(T) sample and then connected to a signal conditioning module, whose output can be used to feed-back control the testing machine. Periodically, the crack length on the back face of the sample is inspected using a travelling microscope to make sure that the two crack lengths do not differ by more than 0.25 times the sample thickness, as prescribed by the standard ASTM E647-08. The crack growth rates are calculated from discrete crack length increments of 0.3 mm, necessary for sampling the fatigue crack growth resistance of the fairly coarse material microstructure. The tests are performed in two distinct phases. In the initial force-shedding phase, the applied ∆K is exponentially reduced by setting the decay constant C = − 1 K dK da = 0.08 mm −1 until reaching near-threshold fatigue crack growth conditions. A specific testing campaign, further described in the following, has been carried out to identify the minimum crack size requested to fully develop the extrinsic crack growth resistance mechanisms of the material, which greatly influence the fatigue crack growth threshold. The final part of the experiments is performed under constant force amplitude and the crack growth rate data are used to build the da/dN vs ∆K curves. After the fatigue tests, the specimens are sectioned across the thickness and metallographic samples are extracted in order to investigate the crack front profile. Fracture surfaces are investigated using a JEOL JSM-IT300LV SEM.
Specimens for fracture toughness tests are fatigue precracked to a crack-length-to-specimen-width of about 0.5 using the same resonant testing machine in laboratory environment under K-controlled conditions (load ratio R = 0.1) suitable to maintain the crack growth rate below 10 −8 m/cycle. After precracking, to enforce the plane strain condition, 20% V-notch side grooves are machined on the samples, resulting in a net thickness (B N ) of 25.6 mm. Subsequently, the samples are monotonically loaded up to fracture to determine the K c fracture toughness (dK/dt = 1 MPa √ m·s −1 , room temperature air) using a 100 kN servo-hydraulic testing machine equipped with a clip-gauge mounted on knife edges attached to the specimen to measure the crack mouth opening displacement. All data of load versus clip gauge displacement are acquired with a sampling rate of 50 Hz. After fracture, the crack length prior to final monotonic loading is measured using an optical microscope following the ASTM E1820-09 standard procedure.
Results and Discussion

Microstructure
The optical micrograph shown in Figure 3 illustrates a representative example of the material microstructure. It can be noted that the microstructure is highly inhomogeneous, being composed of a predominantly ferritic matrix in which both spheroidal and chunky graphite domains of different size are unevenly distributed. In some regions, the matrix is even pearlitic (visible in the center of Figure 3 ). To better characterize type, shape and distribution of the graphite particles, ten cross-sections randomly extracted from the samples are metallographically prepared and statistically analyzed. Specifically, the deviation from the spherical shape is estimated by the shape factor expressed as [47] :
where A and U are the area and perimeter of the particles, respectively. Clearly, f 0 becomes 1 for an ideal sphere. Table 2 summarizes the results of the statistical analysis of the graphite morphology. It can be noted that about 1/3 of the graphite has degenerated into chunky graphite and that the remaining fraction of spheroidal graphite has overgrown to very large nodules with a mean diameter of about 300 micron. The shape factor of the spheroidal nodules equal to about 0.5 is pretty low in comparison to data available in the literature for DCI obtained under normal solidification conditions [47] . 
Monotonic and High-Cycle Fatigue Properties
Mean values of materials parameters obtained from the analysis of tensile and hardness data are summarized in Table 3 . It can be noted that the very long solidification time and the resulting microstructural alterations lead to low values of tensile strength and total elongation in comparison to conventional ferritic DCI; for instance, with respect to thick-walled (t > 60 mm) EN-GJS-400-15, the reduction in tensile strength and total elongation is about 20% and 75%, respectively. The yield-stress-to-tensile-strength ratio approaching the unity further denotes a very brittle material behavior, while, as expected, the yield stress is little affected [4] , being the yield stress compliant with the minimum prescription of 240 MPa for EN-GJS-400-15. The results of the rotating bending fatigue tests are summarized in Table 4 . The statistical elaboration of the fatigue data according to the staircase procedure leads to estimate the five million cycles fatigue limit (50% failure probability) equal to 138 MPa with 4 MPa standard deviation. In addition, in this case, it can be noted that the long solidification time leads to low fatigue properties, in fact the fatigue limit is 30% below the typical value of 195 MPa indicated in the European standard EN-1563 [51] for this DCI class on the base of rotating bending fatigue tests conducted on small-sized ( = 10.6 mm) laboratory samples extracted from thin-walled castings (t ≤ 30 mm), thus displaying ideal microstructural conditions. Furthermore, the investigations undertaken in [42] on a similar material showed that the presence of 33% of chunky graphite is responsible for a fatigue limit reduction of 14%. Therefore, it can be inferred that the remaining part of the fatigue limit decrement 
Mean values of materials parameters obtained from the analysis of tensile and hardness data are summarized in Table 3 . It can be noted that the very long solidification time and the resulting microstructural alterations lead to low values of tensile strength and total elongation in comparison to conventional ferritic DCI; for instance, with respect to thick-walled (t > 60 mm) EN-GJS-400-15, the reduction in tensile strength and total elongation is about 20% and 75%, respectively. The yield-stress-to-tensile-strength ratio approaching the unity further denotes a very brittle material behavior, while, as expected, the yield stress is little affected [4] , being the yield stress compliant with the minimum prescription of 240 MPa for EN-GJS-400-15. The results of the rotating bending fatigue tests are summarized in Table 4 . The statistical elaboration of the fatigue data according to the staircase procedure leads to estimate the five million cycles fatigue limit (50% failure probability) equal to 138 MPa with 4 MPa standard deviation. In addition, in this case, it can be noted that the long solidification time leads to low fatigue properties, in fact the fatigue limit is 30% below the typical value of 195 MPa indicated in the European standard EN-1563 [51] for this DCI class on the base of rotating bending fatigue tests conducted on small-sized (φ = 10.6 mm) laboratory samples extracted from thin-walled castings (t ≤ 30 mm), thus displaying ideal microstructural conditions. Furthermore, the investigations undertaken in [42] on a similar material showed that the presence of 33% of chunky graphite is responsible for a fatigue limit reduction of 14%. Therefore, it can be inferred that the remaining part of the fatigue limit decrement (about 16%) observed in the present paper can be imputed to solidification defects induced by the very slow cooling conditions. For this purpose, SEM analyses are carried out on the fracture surfaces of the fatigue specimens {6,7,8,14,17} to shed light on the damage mechanisms acting in the high-cycle fatigue regime. As shown in Figure 4a ,b, shrinkage defects are present on the fracture surfaces, usually in regions of nearly complete absence of graphite. They can be either solidification cavities or pores located near the outer surface (Figure 4a ) or in the interior (Figure 4b ) of the sample, respectively. Kobayashi and Yamabe [5] showed that the presence and the size of these inherent defects control the fatigue limit of ductile cast irons. Specifically, the fatigue limit can be expressed as cyclic threshold stress at which the cracks emanating from the defects do not propagate. This type of analysis can be easily performed with the √ area parameter, defined as the square root of the area obtained by projecting a defect or a crack onto the plane perpendicular to the maximum tensile stress. Accordingly, Murakami and Endo [52] proposed the following equation to predict the fully-reversed fatigue limit (R = −1):
; C = 1.43 surface defect 1.56 internal defect (2) where HV is the Vickers hardness.
To check the applicability of this approach to the present material, the area of the largest pore is measured on the fracture surface of each of the above-mentioned samples. The mean and standard deviation of this parameter are estimated to be 164,000 and 78,000 µm 2 , respectively. Assuming a Gaussian distribution of these critical defect sizes, the fatigue limit at different failure probabilities can be calculated using Equation (2) . Specifically, the fatigue limits corresponding to 50%, 90%, and 10% failure probabilities are estimated to be equal to 149, 161, and 143 MPa, respectively, in very good agreement with the experimental values listed in Table 4 . Table 4 indicates stress amplitude and number of cycles to failure.
We must, however, outline that this powerful approach may oversimplify the actual high-cycle fatigue damage mechanism, as shrinkage porosity may not be the only crack nucleation site. To this regard, looking at Figure 4b , it can be noted that the pore marked by red arrows is located about 1.7 mm below the outer surface. It is therefore highly unlikely that this defect, experiencing a bending stress nearly 50% lower than the highest value achieved on the outer surface, acted as the first crack initiation site. Presumably, other microstructural defects, such as the network of chunky graphite in the vicinity of the pore, are involved in the fatigue damage mechanism and are responsible for the 14% reduction in fatigue limit estimated in [42] . Table 4 indicates stress amplitude and number of cycles to failure.
We must, however, outline that this powerful approach may oversimplify the actual high-cycle fatigue damage mechanism, as shrinkage porosity may not be the only crack nucleation site. To this regard, looking at Figure 4b , it can be noted that the pore marked by red arrows is located about 1.7 mm below the outer surface. It is therefore highly unlikely that this defect, experiencing a bending stress nearly 50% lower than the highest value achieved on the outer surface, acted as the first crack initiation site. Presumably, other microstructural defects, such as the network of chunky graphite in the vicinity of the pore, are involved in the fatigue damage mechanism and are responsible for the 14% reduction in fatigue limit estimated in [42] .
Fatigue Crack Growth Curves
As anticipated in Section 2, fatigue crack growth da/dN-∆K curves are measured considering experimental data referring to crack lengths sufficient for the material to fully deploy extrinsic crack growth resistance mechanisms [53, 54] . In this way, a more realistic estimation of the actual crack growth resistance in heavy-section castings can be obtained. For this purpose, a specific testing campaign is carried out at R = 0.1 monitoring the crack growth rate at constant ∆K and increasing crack length. Representative results are shown in Figure 5 . It can be noted that the material exhibits increasing crack growth resistance as the crack extends from the initial EDM crack starter notch of length a 0 . The crack growth resistance tends to saturate when the crack extension is about 4 mm, viz. 40% of the specimen thickness. This value is considered in the following experimentation as the minimum crack extension for full development of extrinsic crack retardation mechanisms. Indeed, crack tip shielding mechanisms [53] , such as crack closure and bridging, acting behind the crack tip, require the crack wake to be sufficiently long to be fully active. They are thus responsible for the development of rising resistance-curve (R-curve) behavior with increasing crack length. It is also known that eliminating by mechanical machining the crack wake behind the crack tip leads to the loss of such mechanisms and to a sudden crack acceleration as long as the crack wake is not fully restored [54] . Therefore, the second phase of crack growth testing performed under constant force amplitude is conducted only after the crack extension has overcome the minimum value of 4 mm. To this regard, it can be noted that Zambrano et al. [55] used C(T) samples with crack sizes less than 2 mm and reported very low fatigue crack growth resistance in comparison with other papers dealing with similar DCI [47, 56, 57] . 
As anticipated in Section 2, fatigue crack growth da/dN-ΔK curves are measured considering experimental data referring to crack lengths sufficient for the material to fully deploy extrinsic crack growth resistance mechanisms [53, 54] . In this way, a more realistic estimation of the actual crack growth resistance in heavy-section castings can be obtained. For this purpose, a specific testing campaign is carried out at R = 0.1 monitoring the crack growth rate at constant ΔK and increasing crack length. Representative results are shown in Figure 5 . It can be noted that the material exhibits increasing crack growth resistance as the crack extends from the initial EDM crack starter notch of length a0. The crack growth resistance tends to saturate when the crack extension is about 4 mm, viz. 40% of the specimen thickness. This value is considered in the following experimentation as the minimum crack extension for full development of extrinsic crack retardation mechanisms. Indeed, crack tip shielding mechanisms [53] , such as crack closure and bridging, acting behind the crack tip, require the crack wake to be sufficiently long to be fully active. They are thus responsible for the development of rising resistance-curve (R-curve) behavior with increasing crack length. It is also known that eliminating by mechanical machining the crack wake behind the crack tip leads to the loss of such mechanisms and to a sudden crack acceleration as long as the crack wake is not fully restored [54] . Therefore, the second phase of crack growth testing performed under constant force amplitude is conducted only after the crack extension has overcome the minimum value of 4 mm. To this regard, it can be noted that Zambrano et al. [55] used C(T) samples with crack sizes less than 2 mm and reported very low fatigue crack growth resistance in comparison with other papers dealing with similar DCI [47, 56, 57] . The resulting da/dN-ΔK curves obtained at R = 0.1, 0.5 and 0.75 are compared in Figure 6 . The R-ratio effect is evident, indeed the curves move towards higher crack growth rates with increasing R, especially in the near-threshold regime. The experimental data are represented by the exponential law proposed by Klesnil and Lukáš [58] :
The best-fit parameters are given in Table 5 for the different load ratios used in the tests. It can be noted that Equation (3) well reproduces the material's crack growth behavior in Stages I The resulting da/dN-∆K curves obtained at R = 0.1, 0.5 and 0.75 are compared in Figure 6 . The R-ratio effect is evident, indeed the curves move towards higher crack growth rates with increasing R, especially in the near-threshold regime. The experimental data are represented by the exponential law proposed by Klesnil and Lukáš [58] :
The best-fit parameters are given in Table 5 for the different load ratios used in the tests. It can be noted that Equation (3) Figure 7a compares the curves obtained by fitting Equation (3) to the present experimental data and those measured by Mottitschka et al. [56] on an EN-GJS-400 DCI type with very similar chemical composition but obtained under fast solidification conditions leading to a mean graphite diameter of about 10 µm and therefore denoted as G10. Unexpectedly, it can be noted that the present material displays a noticeable higher resistance to fatigue crack growth, especially in the near-threshold regime. The R-ratio dependency of the threshold ΔKth is well represented by the Walker equation 
as shown in Figure 7b , where the least-square fit of Equation (4) is compared for both material types. Unfortunately, no information is provided in [54] about the size of the cracks monitored in the fatigue crack growth experiments. Therefore, the comparison of the results shown in Figure 7a ,b could be impaired by different levels of deployment of the crack retardation mechanisms. Nevertheless, it seems that the presence of degenerated graphite has a beneficial, or at least non-detrimental, effect on the material fatigue crack growth resistance. This unexpected result can be explained looking at Figure 8a , which depicts a SEM overview of the fatigue facture surface in the vicinity of the near-threshold propagation region. The fracture surface is characterized by the presence of different graphite morphologies, ranging from nearly spherical nodules to fine dispersion of chunky graphite. Notably, the regions containing no graphite at all or surrounding graphite spheroids show large evidence of brittle cleavage (see the river pattern indicated by an arrow in Figure 8b ) and intergranular fracture, as shown in more detail in Figure 8b ,c, respectively. Figure 7a compares the curves obtained by fitting Equation (3) to the present experimental data and those measured by Mottitschka et al. [56] on an EN-GJS-400 DCI type with very similar chemical composition but obtained under fast solidification conditions leading to a mean graphite diameter of about 10 µm and therefore denoted as G10. Unexpectedly, it can be noted that the present material displays a noticeable higher resistance to fatigue crack growth, especially in the near-threshold regime. The R-ratio dependency of the threshold ∆K th is well represented by the Walker equation [59] :
as shown in Figure 7b , where the least-square fit of Equation (4) is compared for both material types. Unfortunately, no information is provided in [54] about the size of the cracks monitored in the fatigue crack growth experiments. Therefore, the comparison of the results shown in Figure 7a ,b could be impaired by different levels of deployment of the crack retardation mechanisms. Nevertheless, it seems that the presence of degenerated graphite has a beneficial, or at least non-detrimental, effect on the material fatigue crack growth resistance. This unexpected result can be explained looking at Figure 8a , which depicts a SEM overview of the fatigue facture surface in the vicinity of the near-threshold propagation region. The fracture surface is characterized by the presence of different graphite morphologies, ranging from nearly spherical nodules to fine dispersion of chunky graphite. Notably, the regions containing no graphite at all or surrounding graphite spheroids show large evidence of brittle cleavage (see the river pattern indicated by an arrow in Figure 8b ) and intergranular fracture, as shown in more detail in Figure 8b ,c, respectively. On the contrary, the presence of chunky graphite is associated to a less brittle fracture mode resulting in rougher fracture surface. Similar indications are given by crack front profiles taken from regions under the same crack propagation regime and shown in Figure 9 . Indeed, it can be noticed that where the crack front encounters regions characterized by degenerated graphite (Figure 9a ) the crack profile is significantly rougher than where spherical graphite nodules only are present (Figure 9b ). The former scenario will result in more effective crack retardation mechanisms, such as roughness-induced crack closure [53] and crack front geometry effects [54] , with respect to the latter one representative of conditions occurring in conventional DCI.
On the contrary, the presence of chunky graphite is associated to a less brittle fracture mode resulting in rougher fracture surface. Similar indications are given by crack front profiles taken from regions under the same crack propagation regime and shown in Figure 9 . Indeed, it can be noticed that where the crack front encounters regions characterized by degenerated graphite (Figure 9a ) the crack profile is significantly rougher than where spherical graphite nodules only are present ( Figure  9b ). The former scenario will result in more effective crack retardation mechanisms, such as roughness-induced crack closure [53] and crack front geometry effects [54] , with respect to the latter one representative of conditions occurring in conventional DCI. 
Fracture Toughness
KIc fracture toughness tests are performed on C(T) specimens depicted in Figure 2c , whose geometry is taken as large as possible with the aim of satisfying the linear elastic fracture mechanics requirement expressed by [60] 
where a, B and W are the initial crack length, specimen thickness and width, respectively. Considering the value of the material yield strength σYS listed in Table 3 , the maximum theoretical fracture toughness that can be estimated using this C(T) sample geometry is ≈32 MPa m 0.5 , which is comparable with KIc values reported in the technical literature [56, 57] for this DCI class. Figure 10a ,b shows the load versus crack mouth opening displacement recorded for specimen 1 and 2, respectively. In both cases, the record is of Type I according to ASTM-1820, in the sense that the load PQ is determined as the intersection of the force versus crack opening displacement record with the 95% secant. Unexpectedly, despite the use of thick-walled and side-grooved specimens, the requirement on the ratio maximum load Pmax to PQ to be ≤1.10, which is necessary for KQ to be qualified as linear elastic, plane-strain fracture toughness KIc, is not met. Therefore, the present tests result in thickness-dependent fracture toughness values, which can be used to safely design only components with thickness not larger than 32 mm. Apparently, the highly nonlinear stress-strain behavior displayed by cast irons makes very difficult to meet the ASTM-1820 requirement on PQ, even though the conditions set by Equation (5) are fulfilled. Figure 2c , whose geometry is taken as large as possible with the aim of satisfying the linear elastic fracture mechanics requirement expressed by [60] :
where a, B and W are the initial crack length, specimen thickness and width, respectively. Considering the value of the material yield strength σ YS listed in Table 3 , the maximum theoretical fracture toughness that can be estimated using this C(T) sample geometry is ≈32 MPa m 0.5 , which is comparable with K Ic values reported in the technical literature [56, 57] for this DCI class. Figure 10a ,b shows the load versus crack mouth opening displacement recorded for specimen 1 and 2, respectively. In both cases, the record is of Type I according to ASTM-1820, in the sense that the load P Q is determined as the intersection of the force versus crack opening displacement record with the 95% secant. Unexpectedly, despite the use of thick-walled and side-grooved specimens, the requirement on the ratio maximum load P max to P Q to be ≤1.10, which is necessary for K Q to be qualified as linear elastic, plane-strain fracture toughness K Ic , is not met. Therefore, the present tests result in thickness-dependent fracture toughness values, which can be used to safely design only components with thickness not larger than 32 mm. Apparently, the highly nonlinear stress-strain behavior displayed by cast irons makes very difficult to meet the ASTM-1820 requirement on P Q , even though the conditions set by Equation (5) Table 6 summarizes the results of the two fracture toughness tests and compares them with data found in the technical literature regarding similar EN-GJS-400 DCI subjected to normal solidification conditions. The average fracture toughness KQ is 17.3 MPa m 0.5 , which is 14% lower than the value reported by Zambrano et al. [55] . It must be noted that this latter value was obtained using samples with thickness of only 10 mm, therefore at least part of the observed reduction in fracture toughness could be induced to a higher triaxility of the crack tip stress field experienced by the samples tested in the present work. On the other hand, unfavorable microstructural conditions caused by the long solidification time could have a negative effect on the fracture toughness, even though to a lesser extent than that observed in Section 3.2 on tensile and fatigue strength. Table 6 summarizes the results of the two fracture toughness tests and compares them with data found in the technical literature regarding similar EN-GJS-400 DCI subjected to normal solidification conditions. The average fracture toughness K Q is 17.3 MPa m 0.5 , which is 14% lower than the value reported by Zambrano et al. [55] . It must be noted that this latter value was obtained using samples with thickness of only 10 mm, therefore at least part of the observed reduction in fracture toughness could be induced to a higher triaxility of the crack tip stress field experienced by the samples tested in the present work. On the other hand, unfavorable microstructural conditions caused by the long solidification time could have a negative effect on the fracture toughness, even though to a lesser extent than that observed in Section 3.2 on tensile and fatigue strength. Hübner et al. [47] and Mottitschka et al. [56] did not perform true fracture mechanics tests but inferred the material fracture toughness K Ic from fatigue crack growth tests and calculated it as K Ic = ∆K c /(1 − R), where ∆K c is the asymptotic value of the stress intensity range at which the crack growth rate tends to infinite. Clearly, this is not a true stress intensity factor, as prescriptions and procedures set by ASTM-1820 are not met. Anyway, if the data illustrated in Figure 6 are elaborated in the same way, a value of K Ic ≈ 45 MPa m 0.5 is obtained, thus higher than the values reported by [47, 56] .
Conclusions
Solidification conditions typical of heavy-section castings were reproduced on a small-scale ductile cast iron (DCI) casting, from which laboratory coupons were extracted and used to carry out monotonic tensile, fatigue and fracture mechanics tests. The obtained results were discussed by comparison with data available in the technical literature. The following conclusions can be drawn:
(1) The microstructure consists of a prevailing ferritic matrix, in which 2/3 of graphite is interspersed in form of overgrown spheroidal nodules and the rest in form of chunky graphite. (2) The tensile strength and the total elongation are reduced by 20% and 75% with respect to thick-walled (t > 60 mm) EN-GJS-400-15. (3) The rotating bending fatigue limit at five million cycles is reduced by 30% with respect to the standard EN-1563 reporting the results of fatigue tests employing laboratory samples extracted from thin-walled castings. The fatigue limit is strongly correlated to the dimension of the largest shrinkage pore found on the fracture surface. Nevertheless, shrinkage pores are not the only defects involved in the fatigue damage, as also degenerated chunky graphite can be site of crack nucleation. (4) The material displays a higher fatigue crack growth resistance, especially in the near-threshold regime, with respect to DCI subject to normal solidification conditions. This has been attributed, at least partially, to crack front geometry effects and crack closure phenomena induced by the high roughness and interlocking crack mating surfaces in the neighborhood of chunky graphite. (5) The fracture toughness is 14% lower than that reported for DCI obtained under normal solidification conditions. On the other hand, the thickness of the samples used in the present experimentation is three times larger than that of specimens usually tested in the literature. The highly nonlinear stress-strain behavior displayed by cast irons makes very difficult to meet the ASTM prescription on the P Q load.
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